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ABSTRACT

Alloys with the composition of Sn (46.5 at.%)-In (50.7 at.%)-Zn (2.8 at.%) were
fabricated by using the ultrarapid quenching process, with quenching rate up to
10° K/s. These materials were obtained in the shape of foils with a thickness
varying from 30 to 70 um. Their phase composition, microstructure, grain
structure, and texture have been analyzed and revealed that these alloys consist
of solid solutions based on the B phase (InzSn) and v phase (InSn,) with inclu-
sions of zinc. Aging processes in the foils revealed that the volume fraction of
zinc (Vz,) increases with the increase in the samples exposure time to the air at
room temperature. The electron backscatter diffraction analysis has shown that
these foils have a microcrystalline structure. The mechanism of the texture
formation in these materials has been explained.

Received: 16 June 2018
Accepted: 24 September 2018
Published online:

8 October 2018

© The Author(s) 2018

Introduction

The most popular soldering materials used in elec-
tronic packaging are the eutectic Sn—-37Pb and near
eutectic Sn—Pb. However, recent environmental con-
cerns and the increasing awareness of health risk
associated with lead-containing solder alloys have
pushed the electronics industry toward lead-free
compositions, leading to environmental concerns
over the amount of lead ending up in landfill [1, 2].

In Europe, the waste electrical and electronic
equipment (WEEE) directive by EU has banned the
use of Pb in consumer goods, while the restriction of
hazardous substances (ROHS) compliance has
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claimed that Pb is the most common material that
must be eliminated [3].

Hence, in recent years, there has been a significant
amount of efforts dedicated by the research com-
munity and its related industrial users to investigate
Pb-free eco-friendly solders alternatives suitable for a
wide range of applications [4, 5]. To this end, new
types of solders are being currently developed by
using complex multicomponent alloys, time-con-
suming, costly or sophisticated fabrication techniques
requiring a careful approach to melting, using noble
metals or rare earths (Au, Ag, RE). Several groups
focused their research on Sn—Ag-based alloys. Chen
et al. [6] investigated the SnAgCu-RE alloy
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manufactured by multiple steps of melting and using
one of the rarest elements. Li et al. developed Sn-Bi-
In alloys by multiple re-melting steps [7] as it has
been difficult to obtain homogeneous mixture
required for good quality solders. Hindler et al. [8]
investigated the thermodynamics of Au-based alloys,
including Au-Sb-5n and Au-Sb, by using conven-
tional quenching in iced water, a time-consuming
process.

In general, while there are many research publi-
cations about high-temperature solders, like Sn-Ag-
Cu, there is very limited amount of research reported
in literature that is dedicated to solders with melting
temperature around 110 °C [6].

Very recently, Maruya et al. [9] investigated sam-
ples combining Sn-Bi-Ag alloys and gold fabricated
by electroplating that are expected to be a good
candidate for low-temperature lead-free soldering.
However, this approach has shown several draw-
backs, such as being time-consuming and requiring
sophisticated processing, as it involves multiple fab-
rication steps at different temperatures ramping.
Besides, current low melting temperature solders face
several key challenges, which include more inter-
metallic compound formation (thus becoming more
brittle), high cost associated with the addition of
supplementary elements to decrease the melting
point temperature, and an increase in the possibility
of thermal or popcorn cracking (reliability problems)
[9].

Thus, the pursuit of more advanced low melting
temperature solders for interconnections is timely.
The motivation of this research is to develop high-
performance and environmentally friendly solders,
fabricated by easy and low-cost fabrication processes.
The focus of this research is Zn-doped indium-tin
eutectic alloys.

The fabrication of solders with low melting point of
about 120 °C is possible by using the eutectic system
of indium~—tin [10]. In such low melting point solders,
plastic deformation is possible at operating temper-
atures that occurs according to the mechanism of the
grain-boundary slip, which is manifested in creep
processes [11]. Therefore, in order to reduce the effect
of grain-boundary slippage, various components are
added to the eutectic, such as zinc, bismuth and
antimony [12]. Since zinc has a limited solubility in
tin and indium, its inclusions can be formed in the
alloy at the boundaries of the phases forming the
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eutectic, which effectively prevent grain-boundary
slippage.

At low and medium cooling rates of the melt,
dendritic, cellular and coarse-grained structures are
formed, which adversely affects the alloys mechani-
cal and physical properties, as well as their process-
ing parameters. For example, the inhomogeneity in
the phase distribution in solders and the formation of
large inclusions of the third component influence the
melting temperature of the alloy [13].

At the ultrarapid liquid quenching process, the
cooling rate of the liquid phase can be higher than
10° K/s. The melt reaches a deep supercooling state
before the beginning of solidification, and the solid-
ification occurs with a high speed of movement at the
interface between the melt and solid phases.

This leads to the formation of a structure which can
not be obtained by using traditional fabrication
technologies or by employing heat treatment. The use
of ultrarapid cooling rate of the liquid phase (more
than 10° K/s) leads to the formation of a fine-grained
structure, the formation of supersaturated solid
solutions and also amorphization [14-16].

In addition, high-speed solidification is one of the
energy-saving technologies that allows to lower the
cost of solders [14]. The ultrarapid quenching enables
obtaining solder in the shape of foils, which is con-
venient to use for certain types of soldering, for
example, in automated processes. The foils obtained
by the ultrarapid quenching are expected to have a
more homogeneous structure with dispersed precip-
itates of phases and grains, which increases the
quality of the material [17]. There is a very limited
amount of studies available on solders obtained by
the ultrarapid liquid quenching, and these are
focused on high-temperature soldering alloys
[18, 19]. Hence, it is important to fabricate and study
the microstructure of ultrarapidly quenched eutectic
foils of zinc-doped indium-tin system in order to
evaluate their potential for high-performance low-
temperature solders, their suitability for mass pro-
duction and their use in the automation of the sol-
dering process.

Experimental procedure

The ternary alloy with the composition of Sn
(46.5 at.%)-In (50.7 at.%)-Zn (2.8 at.%) (hereinafter
referred to as Sn46.5In50.7Zn2.8) was fabricated by a



J Mater Sci (2019) 54:2577-2584

conventional melting route from bulk tin, indium and
zinc of a 4 N purity. A mass of about 0.2 g was cut off
from the inner of the ingots and melted into a quartz
tube at a temperature of 533-553 K, called hereafter
quenching temperature. The melted material was
then quenched on the polished section of a rotating
20-cm-diameter copper cylinder. The rotation speed
of the cylinder was 25 rounds/s.

The quenched material was obtained in the shape
of foils with a thickness of 30-70 pm, a width of about
10 mm and a length of about 10 cm. According to
calculations [15, 16], the cooling rate was at least in
the order of 10° K/s which corresponds to the ultra-
rapid quenching rate range.

The crystallographic structure was studied using a
diffractometer (DRON-4 with a Copper anticathode).
The foils texture was determined using the “inverse”
pole figures. The polar densities, Py, of the diffrac-
tion lines were calculated by the Harris method [20].

The foils microstructure was observed using a LEO
1455VP scanning electron microscope (SEM) (Karl
Zeiss). X-ray spectral microanalysis was performed
using an energy-dispersive spectrometer Aztec
Energy Advanced X-Max 80.

The phase composition and the grain structure of
the foils were studied by electron back-scattered
diffraction (EBSD) method using the diffraction
attachment of the phase analysis of HKL EBSD Pre-
mium System Channel 5. The phase and the orien-
tation measurements rely on analyzing the EBSP
patterns generated in the SEM from a polycrystalline
sample. The crystal orientations and grain patterns
are determined at each scan point (the scanning step
is set depending on the magnification) for the phases
present in the foil. EBSD allows determining the
orientation of the crystal at each point of scanning
with an accuracy of 2°, which makes it possible to
detect high-angle (> 10°) and small-angle (from 2° to
10°) grain boundaries.

The foil microstructure parameters and the grain
structure were determined by the random linear
intercept method [21, 22]. The following parameters
were determined for foils straight after fabrication
and aged at room temperature, exposed to air for
150 h:

e the number of inclusions of zinc per unit area, n;
e the mean value of the chord lengths at sections of
zinc inclusions, dZn, pm;
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¢ the specific surface area of zinc interphase bound-
aries with eutectic phases Sn—-In, SZn-inter, pm-1;
e the volume fraction of zinc, VZn

The lengths of the chords of the random linear
intercept were determined at the grain cross sections
of each of the phases constituting the eutectic, dz, as
well as the specific surfaces of the large-angle Sy ing
(angle of misorientation o > 10°), and the small-angle
Seangl (2° <a < 10°) of grain boundaries of each
eutectic phase.

The interphase and grain boundaries specific sur-
faces (Szn-interr Si-anglr Ss-ang) Tepresent the total
boundary area (S) per unit volume.

In the method of random linear intercept, S was
determined from the number of trace points of a
given surface by units of secant length (m) by the
formula S =2 m. The relative error in determining
the microstructure parameters did not exceed 10%.

Results and discussion

The X-ray diffraction analysis of the ultrarapid
quenched alloys revealed that the foils consisted of 8-
phase, y-phase and inclusions of zinc by showing the
presence of diffraction reflections of the B phase
(InzSn) (002, 200, 202, etc.), of the y phase (InSng)
(0001, 1010,1012, etc.) and of zinc (0002, 1012,1010,
etc.)

The elementary cell parameters for these phases
were calculated and resulted to be: p-phase:
a = 0.4855 nm, c = 0.4410 nm; y-phase:a = 0.3221 nm,
¢ =0.2998 nm; Zn: a = 0.2665 nm, ¢ = 0.44947 nm.

The foils phase composition was confirmed by
X-ray spectral microanalysis. Figure 1 shows the In,
Sn and Zn distribution obtained by scanning the
surface with an electron beam along the line L-L'.
The areas with the maximum indium concentrations
belong to the B phase, while those with the maximum
tin concentrations correspond to the y-phase. The
maxima in the distribution of zinc correspond to dark
particles whose size does not exceed 1 pum. Hence,
taking into account the X-ray diffraction results, it can
be concluded that the dark inclusions correspond to
the zinc phase.

A SEM image of the microstructure of the
5n46.5In50.7Zn2.8 foils is shown in Fig. 2 at different
times after fabrication. The dark areas on the gray
background indicate inclusions of zinc.
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Figure 1 Distribution of In,
Sn and Zn at the foil surface
along the L-L' line

(a microstructure,

b concentration distribution).

Concentration, at.%
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Shortly after manufacturing, zinc is precipitated as
separate inclusions having an elongated shape. The
non-equiaxial form of inclusions can be explained by
anisotropy of the crystal lattice of zinc.

With further exposure at room temperature, zinc
particles are enlarged due to the coalescence process.
The microstructural parameters at 5 and 150 h after
fabrication are presented in Table 1 and Fig. 3.

The volume fraction of zinc Vz, and the average
length of chords dz, of random secants located on
sections of zinc particles increase for increasing
exposure time at room temperature. However, the
density of particles situated on the foil surface n
(number of particles per unit surface area) decreased
by 30% with exposure time at room temperature. The
decrease in particle density is associated with the
processes of coalescence, the driving mechanisms of
which is the decrease in the surface energy of the
interphase boundaries.

Figure 3 shows histograms of the distribution of
the mean length of the chord dz, grouped by size
after 5 and 150 h of foils exposure to air at room
temperature. With time, the proportion of chords that
fall in small dimensional groups decreases, and the
proportion of chords that fall in large dimensional
groups increases.

@ Springer
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The specific surface area Szp.inter Of the interphase
boundary of zinc particles with an eutectic consisting
of B- and y-phases is independent of the exposure
time at room temperature. This is due to the fact that
the stability of the specific surface area Sz inter Of the
interphase boundary of zinc particles with eutectics is
caused by two processes occurring in the foils that
take place simultaneously, i.e.,, an increase in the
volume fraction of zinc, which leads to an increase in
the specific surface and the coalescence processes that
leads to its decrease. The microstructural changes in
the ultrarapid liquid quenched foils take place thanks
to the fact that their crystallization occurs with the
formation of the supersaturated solid solutions and
to the diffusion processes happening at room tem-
perature in the alloys with low melting point.

An image of the grain structure of the B- and y-
phases of the Sn46.5In50.7Zn2.8 alloy is shown in
Fig. 4. The large-angled grain boundaries (o > 10°)
and the small-angled boundaries (2 < a < 10°) are
shown with the black bold lines and with the thin
black lines, respectively. The grains with various
shapes of micron sizes have been observed.

The lengths of the chords of random linear inter-
cept existing at the grain sections d, as well as the
specific surfaces of the large-angle Sy.,g and the
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(b)

Figure 2 Microstructure of the Sn46.5 In50.7 Zn2.8 foils
recorded a 5 h and b 150 h after being fabricated.

Table 1 Parameters of microstructure of Sn46.5 In50.7 Zn2.8
foils

Microstructural parameters Exposure time (h)

5 150
Vin 0.011 0.021
dzn (um) 0.24 0.46
Szn (m ™) 0.19 0.18
n (um~?) 0.098 0.062

small-angle S, ..ng grain boundaries of the eutectic
phases have been determined. The parameters of the
grain structure are shown in Table 2.

The values of Sy_,ng for the B- and for y-phase were
found to be 0.50 pm ™' and 0.016 pm ™, respectively.
Typically, small-angle boundaries were observed in
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Figure 3 Histogram of distribution of chords of random linear
intercept on sections of zinc after 5 h (1) and after 150 h (2) aging
at room temperature and exposed to air after the foils were
manufactured.

large grains (up to 20 microns). The values for S ang
in the B- and y-phases were determined as 0.07 pm !
and = 0.007 um™", respectively.

The histogram (Fig. 5) shows the distribution of
chord lengths of linear intercept on grains sections
according to the size groups. The largest proportion
of chords was found in the group with the size of the
chords no larger than 1.4 microns.

The average chord length at the grain sections of
the B- and y-phases were found as dg = 3.2 um and
d, = 2.1 pm, respectively, which indicates the for-
mation of the microcrystalline structure. The reason
for the formation of the small grains is an increase in
the rate of nucleation with a simultaneous decrease in
the rate of the grains growth, which occurs in the case
of a deep undercoolings, which occurs at ultrarapid
quenching [12].

The crystal lattices of the B- and y-phases were
found to be tetragonal and hexagonal, both of which
are very anisotropic in nature. Therefore, in the
presence of a significant predominant orientation of
grains (textures), polycrystalline foils can be charac-
terized by anisotropy of properties. This is why, the
study of the texture of foils is of particular impor-
tance. Table 3 shows the values of the pole densities P
of the diffraction lines for both phases.

The greatest pole density is characterized by the
diffraction lines of 200 and 0002 for B phase and y
phase, respectively. Thus, the ultrarapid liquid
quenching process of the 5Sn46.5In50.7Zn2.8 alloy
leads to the formation of the (100) texture in the [-
phase and the (0001) texture in the y-phase. Similar
textures were observed earlier and separately in the
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b o
F_=5 um; Map3; Step=0.2 pm; Grid140x105 1
(b)

Figure 4 Grain structure of the Sn46, 5In50, 7Zn2,8 foil: a f3-
phase, b y-phase.

Table 2 Parameters of the grain structure of the B- and y-phases

Parameters of the grain structure Phases

p Y
d; (um) 32 2.1
St-angt (Wm™") 0.50 0.016
Ss—angl (Hmil) 0.07 0.007

InsSn (B-phase) and InSny(y-phase), obtained by high-
speed solidification [23, 24].

This texture formation in the phases can be
explained by the theory of irreversible processes
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Figure 5 Histogram of distribution of chords of random linear
intercept on grains sections of the B-phase (1) and y-phase (2).

Table 3 Values of the polar density of the diffraction lines of the
B and y phases

B-phase Y-phase

Diffraction lines P Diffraction lines P
002 0.1 1011 0.3
102 0.0 1120 1.2
200 4.9 0002 34
201 0.5 1121 0.2
202 0.4 2020 1.7
220 0.2 1012 0.3
- - 2021 0.1

[25, 26]. Due to a significant supercooling, the melt is
in a state with a significant excess of enthalpy.
According to the principle of the maximum speed of
dissipation forces, investigated by G. Ziegler [25], the
transition of the supercooled melt to the equilibrium
state occurs in such a way that the rate of enthalpy
decrease in the alloy during the crystallization pro-
cess is maximal.

Therefore, the direction of crystallization, coincid-
ing with the direction of the heat sink, must be per-
pendicular to the most densely packed planes that
have the greatest interplanar distance. In the work by
Li and Szpunar [26], the energy barriers for moving
the liquid—crystal interphase boundary for different
crystallographic planes in metals with a face-centered
cubic lattice were calculated. According to these cal-
culations, the largest value of the energy barrier was
observed in the case of coincidence of the interphase
boundary with crystallographic planes {111} that
have the greatest interplanar distance (these planes
are close-packed).
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This principle has been demonstrated in studies of
the texture in metals with a face-centered crystal
lattice [27-29]. The texture formation was also
observed earlier in the ultrarapidly quenched foils of
aluminum, lead, tin and zinc.

Conclusion

The foils of Sn46.5In50.7Zn2.8 alloy obtained by rapid
solidification consist of zinc supersaturated solid
solutions based on p-phase (In35n) and y-phase
(InSn4) and dispersed zinc particles formed as a
result of the decomposition of the supersaturated
solid solutions, the size of which does not exceed
1 pm.

The solidification occurs during deep supercooling
of the melt at which high nucleation and low grain
growth rate leads to the formation of a microcrys-
talline structure of foils with an average grain size of
32 um and 2.1 pm, as well as textures (100) and
(0001) in the B-phase and y-phase, respectively.

Traditionally, grains with microsize dimensions
are considered as ultrafine grain structures for
ultrarapid liquid quenching technology. In addition
the grains with the submicron size could also be
observed.
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